proteins, seamlessly integrates computational prediction of T cell epitopes with both 1-and 2-body sequence potentials that assess protein tolerance to epitope-deleting mutations. Compared to previously deimmunized P99 variants, which bore only one or two mutations, the enzymes designed here contain 4-5 widely distributed substitutions. As a result, they exhibit broad reductions in major histocompatibility complex recognition. Despite their high mutational loads and markedly reduced immunoreactivity, all eight engineered variants possessed wild-type or better catalytic activity. Thus, the protein design algorithm is able to disrupt broadly distributed epitopes while maintaining protein function. As a result, this computational tool may prove useful in expanding the repertoire of next-generation biotherapeutics.
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As a class of macromolecules, proteins exhibit intrinsically complex sequence-structure-function relationships. From a drug development perspective, this complexity opens the door to a vast molecular design space that includes bioactive agents able to interface with virtually any disease target or pathway. At the same time, the biological origins of therapeutic proteins impart undesirable risk factors, such as the potential to induce an antidrug immune response in human patients [1, 2] . Immune reactions directed against biotherapeutics can compromise drug efficacy or cause more serious adverse events, such as anaphylaxis, infusion reactions, or induced autoimmunity [3, 4] . To fully capitalize on the emerging panacea of protein therapeutics, efficient and effective deimmunization strategies are needed.
While immunogenicity is a complex multifaceted issue, a primary driver of antidrug immune responses is recognition of non-self-proteins as foreign antigens [5] . In a healthy and functioning human immune system, extracellular proteins are constantly sampled by antigen presenting cells (APCs) [6] . Once internalized by APCs, a protein is cleaved into small peptide fragments, and putative immunogenic segments are loaded into the groove of class II major histocompatibility complex proteins (MHC II). The peptide-MHC II complexes are then displayed on the APC surface, where bona fide immunogenic peptides, termed "T cell epitopes," form ternary complexes with surface receptors of cognate CD4+ T cells. This molecular recognition event initiates a signaling cascade that leads to T cell stimulation, B cell maturation, and ultimately production of circulating antibodies able to bind and clear the offending exogenous protein. Thus, inherently immunogenic proteins might be deimmunized by identifying constituent T cell epitopes and mutating residues responsible for MHC II complex formation. Initially, T cell epitope deletion strategies were purely experimental in nature [7] [8] [9] [10] . These molecular engineering programs, which integrated peptidelevel epitope mapping with alanine scanning or similar site-directed mutagenesis, were time-, labor-, and resourceintensive. Moreover, they examined only a small segment of the entire protein design space, typically focusing on just one or two immunogenic regions. To more fully explore the sequence space associated with deimmunized proteins, higher-throughput search and design tools are needed.
Advances in bioinformatics have produced a variety of programs geared toward prediction of immunogenic T cell epitopes. Examples include ProPred [11] , MHCPred [12] , SVRMHC [13] , ARB [14] , SMM-align [15] , NetMHCIIpan [16] , the IEDB consensus method [17] , as well as proprietary tools such as Epimatrix [18] and iTope [19] .
Many of these methods have demonstrated good predictive power [17, 20] , and combined with appropriate experimental validation [21] [22] [23] , they have the potential to accelerate biotherapeutic design and development. Indeed, such predictive tools have been successfully applied to numerous therapeutic candidates [1, 18, [24] [25] [26] . These prediction-based epitope deletion projects sometimes leverage bioinformatics (e.g., substitution matrices or evolutionary sequence conservation in homologous proteins) to identify epitope-deleting yet function-preserving mutations. However, at best they do so in a post hoc fashion that is typically focused only one or two immunogenic peptides. While such sequential application of computational tools is not unreasonable, it precludes a global approach that simultaneously accounts for the combined effects of all mutations on protein structure, function, and immunogenicity.
Next-generation protein deimmunization tools have now seamlessly integrated T cell epitope prediction with global modeling of every mutation's functional consequences [27] [28] [29] [30] . Dynamic programming for deimmunizing proteins (DP 2 ) was the earliest of these optimization algorithms [27] . DP 2 employs either BLOSUM or positionspecific substitution matrices as a prefilter to select a subset of deimmunizing mutations that are likely to preserve function. It then selects optimal sets of these mutations so as to minimize epitope content. The method has been experimentally evaluated using the Enterobacter chloacae P99 beta-lactamase (P99βL), a component of antibody-directed enzyme prodrug therapies. As an important point of reference, P99βL has previously undergone conventional, experimentally driven T cell epitope deletion. These benchmark experimental studies yielded a functional 2-mutation variant (K21A/S324A) that exhibited reduced immunogenicity in model studies [9] . More recently, application of DP 2 to P99βL generated a globally optimal 2-mutation design (A13D/I104T) that, upon construction and analysis, was found to possess catalytic activity equal to that of the wildtype enzyme [31] . Importantly, peptide fragments of the DP 2 design generally showed large reductions in binding affinity with human MHC II proteins, a measure of immunogenic potential. Thus, in contrast to arduous epitope mapping and scanning alanine mutagenesis, DP 2 required only minutes to design a P99βL variant possessing reduced immunoreactivity and high-level functionality.
While these initial studies demonstrated the speed and utility of integrated deimmunization algorithms, the DP 2 methodology has important limitations. In essence, DP 2 's conservation-based mutation filter assumes that each residue position is independent of all other positions, and it therefore fails to account for deleterious (or beneficial) residue-residue interactions. Accounting for dependence between pairs of amino acids ("coupling") becomes increasingly important for proteins containing large numbers of distributed epitopes; there is a greater risk of disrupting coupled interactions at higher mutational loads. To accommodate this more complex design challenge, a revised methodology incorporating a 2-body sequence potential has been developed. This more advanced deimmunization algorithm, integer programming for immunogenic proteins (IP 2 ), accounts for critical residue-residue interactions by quantifying covariation in the evolutionary sequence record. The capacity to quantify residue-residue coupling during molecular evolution has proven to be a powerful tool in bioinformatics [32] , but incorporating such 2-body terms renders the protein design problem NP-hard. By formulating the dual objective optimization as an integer program, IP 2 has solved numerous real case studies using modest computational resources in practical time [28] .
As an experimental validation of IP 2 , a more aggressive deimmunization of P99βL has been pursued here. The results suggest that numerous epitopes, broadly distributed throughout a protein, can be quickly, efficiently, and functionally deleted using the IP 2 protein design tool.
Materials and methods

Materials
Oligonucleotides for sequencing and standard PCR methods (25 nmol scale, standard desalting) and oligonucleotides for gene synthesis (100-nmol scale, PAGE Purified) were purchased from Integrated DNA Technology (San Diego, CA). Nitrocefin was purchased from Oxoid (Cambridge, UK). Human lysozyme and SYPRO Orange 5,000 × Protein Stain were purchased from Sigma (St. Louis, MO). MicroAmp ® Fast Optical 0.1 ml 96-Well Plates and MicroAmp ® Optical Adhesive Film were from Applied Biosystems (Bedford, MA). Restriction enzymes and PCR reagents were purchased from New England BioLabs (Ipswich, MA). Growth media were purchased from Becton-Dickinson (Franklin Lakes, NJ). Plasmid purification kits and Ni-NTA resin were purchased from Qiagen (Valencia, CA). PCR cleanup and gel extraction kits were from Zymo Research (Irvine, CA). Peptides derived from P99βL were ordered from GenScript (Piscataway, NJ) and were greater than 85 % pure. Biotinylated tracer peptides were purchased from twenty-first century Biochemicals (Marlborough, MA). MHC-II-DR molecules were purchased from Benaroya Research Institute (Seattle, WA), anti-MHC-II-DR antibody from Biolegend (San Diego, CA), and DELFIA Eu-labeled streptavidin was from PerkinElmer (Boston, MA). Unless noted, all other chemicals and reagents were from VWR (Radnor, PA).
Computational deimmunization
To identify and assess mutations likely to be functionally acceptable, an IP 2 sequence potential was developed as described [28] . A multiple sequence alignment (MSA) of 94 homologs from Pfam 00144, including the wild type, was obtained by filtering for at least 30 % sequence identity to wild type, at most 90 % sequence identity to each other, and at most 25 % gaps. Position-specific one-body terms φ i (a) were computed as the negative log frequency of each amino acid a at each position i. Only amino acids appearing at or above background frequencies [33] were considered as possible substitutions. Two-body terms φ i,j (a,b) for pairs of amino acids (a,b) at coupled positions (i,j) were computed as the negative log amino acid frequency of the pair, minus the corresponding one-body terms, which avoids double counting. Only pairs of positions with significant coupling according to a χ 2 -based test were included in the sequence potential.
In addition to mutational constraints based on the evolutionary sequence record, residues in close proximity to the active site were held invariant. In particular, all positions with Cβ (or Cα in the case of glycine) less than 7 Å from Cβ of S64, Y150, K315, T316, or Cα of G317 were constrained to their wild-type residues. This active site lockdown was prompted by previous P99βL deimmunization efforts in which mutations proximal to key catalytic residues were found to compromise enzyme function (e.g., mutations to L149, see [9, 31] ). Finally, prolines and cysteines were neither mutated out of nor substituted into the engineered enzyme variants.
To assess the effects of the functionally acceptable mutations on T cell epitope content, the ProPred epitope predictor [11] was applied at a 5 % threshold. The analysis considered MHC II alleles DRB1*0101, 0301, 0401, 0701, 0801, 1101, 1301, and 1501, which are known to be broadly representative of global populations [34] . Each non-amer peptide X considered in the optimization (i.e., incorporating a contiguous combination of wild-type residues and allowed substitutions) was classified as either a binder or non-binder of the eight different MHC II alleles. The number of binders was summed to generate the nonamer's epitope score e(X).
The IP 2 objective function incorporates both the sequence potential (one-body φ i and two-body φ i,j ) and the epitope score (e), with relative contributions weighted by α and (1 − α), respectively Here, we define singleton binary variable s i,a to indicate whether or not the residue at position i is of amino acid type a. We define pairwise binary variable p i,j,a,b , derived from s i,a and s j,b , to indicate whether or not the residues at
positions i and j are of amino acid types a and b, respectively. Finally, we define window binary variable w i,X , derived from s i,X [1] through s i+8,X [9] , to indicate whether or not the sequence of residues in the 9-residue window starting at position i is of the sequence of amino acid types in X. The algorithm chooses (sets to 1 instead of 0) some of the s, p, and w variables so as to minimize the objective function (sequence potential and epitope score), subject to constraints on the desired mutational load and consistency of the chosen variables (one amino acid at each position; pair and epitope variables derived from the corresponding single variables).
Cloning, expression, and purification
Gene synthesis was performed with an assembly reaction followed by an amplification reaction [35] using oligonucleotides that were 41 base pairs in length. All designs encoded an N-terminal OmpA leader sequence for expression in the periplasm and a C-terminal hexa-His tag (sequence GGGSAETVEHHHHHH) for simplified purification. Genes were cloned into pET26b and expressed in
Production of wild-type P99βL and variants A, B, C, D, E, F, G, and H was performed as follows. Starter cultures were grown with aeration in LB medium containing 30 μg/ml kanamycin (LB-Kan) at 37 °C overnight, subcultured 1:100 into 200-500 ml of fresh medium, and grown at 37 °C using 2 L baffled flasks until reaching an OD 600 of ~3.5. Cultures were then transferred to a 16 °C shaker, equilibrated for 15 min, and induced with 1 mM IPTG. Following 16 h of induction, protein was purified using the protocol described in the Epicentre ® PeriPreps Periplasting Kit with slight modifications. Briefly, cells were pelleted at 6,000g for 10 min and resuspended in PeriPreps Periplasting Buffer containing 1.5 μg/ml human lysozyme. After 5 min, cells were quenched with ice-cold water, recovered on ice for 10 min, spun at 14,000 g for 10 min, and the supernatant was reserved as the periplasmic fraction. A 400-μl bed volume of Ni-NTA resin was washed with water and equilibrated with PBS (137 mM NaCl, 2.6 mM KCl, 10 mM Na 2 HPO 4 , 1.7 mM KH 2 PO 4 , pH 7.4). Clarified periplasmic fraction was flowed through the resin by gravity, the column was washed two times with 1 ml of PBS containing 20 mM imidazole, and the enzyme was eluted with 2 ml of PBS containing 200 mM imidazole. The elution fraction was either dialyzed against three changes of 4 L PBS or subjected to spin column ultrafiltration against three washes of 15 ml PBS and concentrated to 0.5-2 mg/ml. Purified protein was stored at 4 °C prior to further analysis. The purities of all proteins were determined by reverse-phase HPLC analysis (Agilent 1200 Series HPLC) on a Vydac 214TP 180 mm C4 column, eluted at 65 °C with a 25-45 % gradient of [90 % acetonitrile/9.9 % water/0.1 % trifluoroacetic acid] in [99.9 % water/0.1 % trifluoroacetic acid] at a flow rate of 1 ml/min. All protein preparations were >95 % pure.
Kinetic studies
Nitrocefin substrate stock was prepared immediately prior to the experiments by dissolving nitrocefin powder in DMSO to a concentration of 20 mM. Triplicate assays were run in 96-well plate format at 30 °C measuring absorbance at 490 nm (Molecular Devices SpectraMax 190 plate reader). Absorbance measurements were converted to micromolar product concentrations using the appropriate molar absorptivity (ε M = 20,500 M −1 cm
−1
). The assay buffer was PBS, and each well contained a final enzyme concentration of 50 ng/μl, 0.04 % BSA, and nitrocefin at concentrations ranging from 10 to 500 μM. Initial reaction rates were plotted against substrate concentration, and Michaelis-Menten kinetic parameters were determined by nonlinear regression using GraphPad Prism v.5 software (La Jolla, CA). Measurements were made in triplicate, and enzymes were purified and assayed in biological duplicate.
Thermostability
Differential scanning fluorimetry was performed essentially as described (Niesen, Berglund et al. 2007) using an ABI 7500 Fast Real-Time PCR System from Applied Biosystems (Bedford, MA). Proteins and SYPRO Orange were diluted in PBS. Final protein concentrations were 100 μg/ ml, and final dye concentrations were 5× (from the supplier's 5000× concentrate). Twenty microliter reactions were performed in 12 replicates. The PCR gradient was run from 25 to 94 °C with a 1-min equilibration at each degree centigrade. Fluorescence was quantified using the preset TAMRA parameters. Melting temperatures were determined by data analysis with the "DSF Analysis v3.0.xlsx" Excel sheet (ftp://ftp.sgc.ox.ac.uk/pub/biophysics/) and GraphPad Prism v.4 software.
MHC Binding Assays
MHC II competition binding assays were performed using a 384-well high throughput assay as described in detail elsewhere [23] . Binding assays were performed for the four alleles: DRB1*0101, 0401, 0701, and 1501, which provide broad representation of class II MHC binding pockets [34] . The data were fit to the one-site log(IC 50 ) model (Eq. 2) by nonlinear regression in GraphPad Prism v.5 software.
Results
Computational design
The majority of predicted epitopes in wild-type P99βL occur in clusters that are broadly distributed throughout the P99βL sequence and structure (Fig. 1) . The fundamental objective of the current work was deletion of broadly dispersed epitopes using function-preserving mutations. IP 2 was implemented to generate optimal, deimmunized P99βL designs at mutational loads of both 4 and 5 substitutions per variant (four different plans at each mutational load). The α term in the IP 2 objective function (see materials and methods) provides a relative weight for sequence score versus epitope score. At α = 1, IP 2 will generate designs with the best possible sequence score irrespective of the epitope score (conservative designs). Conversely, at α = 0, designs will have a minimal epitope score irrespective of the sequence score (aggressive designs). As a preliminary test of the trade-offs inherent to the two objective functions, plans were designed over a range of α values (Table 1) . Interestingly, only seven sites were mutagenized among the entire panel of eight enzyme variants (Fig. 1) . Accessing greater diversity of substitutions at the 4-and 5-mutation loads would therefore require lower values of α, which would in turn skew designs away from the more conservative mutations. 
Wild type 0 1.000 320 ± 10 43 ± 3 7.5 ± 0.6 56.37 ± 0.05
Although the deimmunized enzyme plans showed a high degree of relatedness, there existed systematic trends that correlated with the design parameters and related objectives (Table 1 ; Fig. 2 ). The K21E substitution was shared by all eight designs, as it was attractive from the perspective of both conservation (frequency of 14 % in the MSA) and immunogenicity (deleting 6 out of eight associated epitopes). (Note: we report here only the easy-to-see onebody conservation frequency as an indicator of conservativeness, but optimization accounts for two-body coupling as well.) Similarly, R105S was present in all but the most conservative 4-mutation design, as it possesses a frequency of 32 % and deletes 6 of 12 associated epitopes. The most aggressive plans (α = 0.5 and 0.7) included mutations at both A13 and I262. Both aspartic acid and glutamic acid were substituted at the former. A13D, associated with α = 0.5, is less desirable with respect to the sequence score (9 % frequency) yet deletes all seven predicted epitopes. Conversely A13E, associated with α ≥ 0.7, is predicted to be more conservative (55 % frequency) but fails to disrupt one of two predicted DRB1*0401 binders. Threonine was the only alternative residue at I262, appearing at a frequency of 15 % and deleting five of eight epitopes. Mutations at A13 and I262 were conspicuously absent in the most conservative plans, whereas R210H (deletes 3/3 epitopes, 23 % frequency) was selected at α ≥ 0.9 and R133H (deletes 3/4 epitopes, 6 % frequency) at α ≥ 0.97. Mutations at M235 were the final distinguishing feature of aggressive versus conservative designs. Specifically, aggressive 4-mutation plans avoided residue M235, but conservative plans (α ≥ 0.96) included the M235Q mutation (15 % frequency), which is predicted to delete 4/5 wild-type epitopes while introducing one new DRB1*1301 epitope (Fig. 2) . Similarly, the most conservative 5-mutation plan (α = 0.97) also incorporated M235Q, whereas the remaining 5-mutation designs employed M235D (10 % frequency). The more aggressive M235D substitution deletes 4/5 wild-type epitopes while avoiding introduction of any new epitopes.
Cloning, expression, and purification
Genes encoding IP 2 designs with C-terminal hexa-histidine tags were assembled from overlapping synthetic oligonucleotides, cloned into the pET26b vector, and expressed in BL21(DE3) E. coli hosts. Enzymes were purified from osmotic shockates by immobilized metal affinity chromatography, yielding >95 % purity as analyzed by HPLC (data not shown). The wild-type protein yielded 30 μg per milliliter culture volume, whereas all other designs yielded between 1 and 9 μg per milliliter culture volume. The differences in yields may be due to the fact that mutant genes Fig. 2 Allele-specific epitope predictions for P99βL peptides. Names of synthetic peptides are shown above each plot, the corresponding amino acid sequences are indicated on the x-axis, and the relevant human MHC II alleles are shown on the y-axis. For the wild-type P99βL sequences, predicted epitopes for each allele are indicated as solid black lines spanning the 9mer peptide. Epitopes that remain after the specified mutation are shown as overlaid hatched lines were optimized for PCR assembly, yielding distinctly different codon usage compared to the wild-type P99βL construct [31] . Purified enzymes were dialyzed into phosphatebuffered saline (PBS) and stored at 4 °C prior to analysis.
Thermostability analysis
To assess the structural integrity of the deimmunized designs, their relative thermostability was quantified using differential scanning fluorimetry ( Table 1) . The apparent T m of the wild-type enzyme, 56.37 °C, closely matched that reported previously [31] . In comparison, each of the IP 2 designs experienced a moderate decrease in stability, although none showed any detectable unfolding at the clinically relevant temperature of 37 °C (Supplemental Fig. 1 ). The 4-mutation designs exhibited an average T m = 50.8 °C, with the most conservative design D (α = 0.98) having the highest T m of any variant tested (52.81 °C). In comparison, the 5-mutation designs exhibited a lower average T m = 49.6 °C, although the difference was not statistically significant (P = 0.1727, two-tailed t test). In aggregate, the eight designs generated by IP 2 (overall average T m = 50.2 °C) compared favorably with prior DP 2 designs (average T m = 52.0 °C, across six variants [31] ) despite the fact that the proteins analyzed here bore up to fivefold higher mutational loads.
Kinetic analysis
The functionality of the P99βL enzymes was quantified by kinetic analysis using the colorimetric substrate nitrocefin (Table 1) . Michaelis-Menten parameters for the wild-type enzyme were found to correlate well those from the literature [9, 31] . The IP 2 variants' parameters were compared to those of wild-type P99βL (extra sum of squares F test), and deimmunizing mutations were found to have no significant effect on K m , with the exception of variant E, which was improved by 23 % (P = 0.0208). In contrast, seven of the eight deimmunized variants exhibited maximum reaction rates that were significantly different from that of wild-type P99βL (P < 0.05); variant B was equivalent to wild-type, variant E exhibited a marginally decreased k cat (6 % reduction), and the remaining six variants exhibited enhanced k cat . Of particular interest was variant G, a 5-mutation design that showed a 62.5 % increase in k cat . Similarly, variants A, C, and H each exhibited 30 % or greater enhanced maximum rates, while variants D and F were found to have more modest gains (13-16 %) . Seven of the eight variants possessed mild to moderately improved catalytic efficiency (10-35 % higher k cat /K m ).
Interestingly, the average performance of the 4-mutation designs was not significantly different from that of the 5-mutation designs (P = 0.705, 0.983, 0.804 for k cat , K m , and k cat /K m , respectively; unpaired two-tailed t tests). Catalytic performance did not correlate closely with α, but this is likely due to the fact that all eight IP 2 variants exhibited uniformly high activity (essentially wild type or better). Thus, the 1-and 2-body sequence potential implemented in IP 2 was able to identify highly functional mutations even under conditions where equal weighting was placed on the deimmunizing objective function.
Peptide-MHC II
The immunoreactive potential of P99βL peptide fragments was evaluated via quantitative binding studies with recombinant human MHC II. For the wild-type sequence, synthetic peptides were designed so as to span all epitopes associated with each of the seven sites that were mutagenized (A13, K21, R105, R133, R210, M235, and I262) (Fig. 2) . Cognate peptides were synthesized for each of the nine mutations that comprised the deimmunized variants. The affinities of wild-type and engineered peptides for human MHC II alleles DRB1*0101, 0401, 0701, and 1501 were then quantified and compared (Fig. 3) . Of the 36 pairwise comparisons, mutations decreased immunoreactivity in 21 cases, had no effect in 12 cases, and increased MHC II binding in only three cases. Mutations designed by IP 2 can therefore be considered generally disruptive with respect to MHC II immunoreactivity.
Based on IC 50 values, each peptide was classified as either a strong (IC 50 < 1 μM), moderate (1 μM ≤ IC 50 < 10 μM), weak (10 μM ≤ IC 50 < 100 μM), or non-binder (IC 50 ≥ 100 μM). Using the 100-μM cutoff to delineate binders and non-binders, the experimental data for alleles DRB1*0101, 0401, 0701, and 1501 were correlated with the ProPred predictions (Supplemental Table 1 ). The false-positive rate (ProPred predicted binders that were observed as non-binders) was 9 %, and the false-negative rate (ProPred predicted non-binders that were observed as binders) was 31 %. While other studies suggest a more stringent cutoff for experimental MHC II binding [17] , the 100-μM threshold was chosen so as to maintain consistency with prior work on P99βL [31] . In that study, similar false-positive and false-negative rates were observed (6 and 33 %, respectively). Below is a detailed description of the peptide binding results.
Analysis of immunoreactivity-epitope cluster 1
The A13 epitope was predicted to bind all four MHC II alleles tested (Fig. 2) , and experimentally it was found to bind all but DRB1*0101. Both mutations at residue A13 resulted in broad disruption of MHC II binding, but A13D proved more potent against DRB1*0401 and A13E more potent against 1501 (Fig. 3) . This result is consistent with the IP 2 design output, as A13D is predicted to delete both 0401 epitopes whereas A13E is predicted to delete only 1 of the 2 (Fig. 2) . With respect to allele 0701, both engineered peptides remained below the 100-μM threshold that classified experimental binders, but consistent with predictions, each mutation reduced 0701 binding by nearly two orders of magnitude. As a result, both mutations converted a strong 0701 binder to a weak binder. It remains to be seen whether or not such an effect is sufficient to mitigate an immune response in vivo.
Analysis of immunoreactivity-epitope cluster 2
Among the four alleles tested, wild-type peptide K21 was predicted to bind only DRB1*0401 (Fig. 2) . Consistent with prior analyses [31] , however, it was found to bind all four alleles. The K21E mutation decreased binding threefold to fivefold for alleles 0101, 0401, and 1501. Thus, it transformed three moderate binders into weak binders (Fig. 3) . As predicted, binding of the engineered peptide to allele 0701 remained unchanged relative to the wild-type sequence.
Analysis of immunoreactivity-epitope cluster 3
In the case of R105, binding was predicted for all four alleles, with multiple epitopes for 0101, 0401, and 1501 (Fig. 2) . Experimentally, binding was observed with only alleles 0701 and 1501. The R105S mutation ablated binding to 0701, as predicted, and reduced binding to 1501 by more than fivefold (Fig. 3) . The fact that the engineered peptide remained classified as a weak binder of 1501 is consistent with the prediction that it would disrupt only one of two 1501 epitopes in this peptide (Fig. 2) . While the R105S mutation had no impact on 0401 binding, it increased affinity for the 0101 allele, thereby changing the wild-type nonbinder to a weak binder of this MHC II protein.
Analysis of immunoreactivity-epitope cluster 4 R133 was predicted to bind only 1501, and indeed, it was found to be an especially high affinity binder of this allele. The wild-type peptide also bound 0701, albeit with low affinity. The R133H mutation was not predicted to influence binding among the four alleles tested here, but was instead designed to delete the untested DRB1*0801 and 1301 epitopes (Fig. 2) . Unexpectedly, however, R133H was found to increase binding to alleles 0701 (twofold) and 0101 (sixfold). In the former instance, both the wildtype and engineered peptides were classified as weak binders, but in the latter instance, the wild-type non-binder was transformed into a weak binder (Fig. 3) . Analysis of immunoreactivity-epitope cluster 5 R210 was a predicted binder for 0701 and 1501, contributing to two distinct epitopes for the latter (Fig. 2) . Experimentally, the wild-type peptide was found to bind 1501 weakly but showed no binding to 0701. The R210H mutation successfully decreased 1501 binding, reducing the IC 50 to 91.5 μM, a value just below the threshold for experimental binders (Fig. 3) . With respect to the other three non-binding alleles, the R210H mutation did not influence MHC II interactions.
Analysis of immunoreactivity-epitope cluster 6 M235 was predicted bind 0101 and 0401, and experiments showed it to be a weak binder of both alleles, as well as weak binder of 0701. Consistent with predictions, the M235D mutation ablated binding to both 0101 and 0401. Additionally, it decreased binding to 0701, albeit by less than twofold (Fig. 3) . The alternative M235Q mutation was less effective than M235D, yielding no change for 0101 and only marginally decreased binding to 0401 and 0701. These observations reflect the IP 2 design parameters to some extent, as M235D appears only in more aggressive plans with α < 0.9, whereas M235Q appears exclusively in conservative plans with α > 0.9 ( Table 1) .
Analysis of immunoreactivity-epitope cluster 7
The wild-type I262 peptide contained predicted epitopes for all four tested alleles (Fig. 2) , and experiments confirmed it to be the most highly immunoreactive peptide tested. The I262T mutation ablated binding to 0101, as predicted, and it reduced the variant peptide's affinity for 0401, 0701, and 1501 by as much as 17-fold (Fig. 3) .
Analysis of immunoreactivity-aggregate protein scores
To enable direct experimental comparisons between fulllength proteins, a semiquantitative aggregate epitope score was calculated by summing the strong, moderate, and weak binding peptides derived from each design (see Supplemental  Table 1 for annotation of individual peptide binding categories). For example, wild-type P99βL peptides exhibited a total of 28 binding interactions: 15 weak (green bars), 6 moderate (blue bars), and seven strong (red bars) (Fig. 4) . Six of the eight designs from the current study yielded a net reduction in total epitope counts, with the two most aggressive 5-mutation plans E and F exhibiting only 24 binding interactions. Importantly, E and F both yielded a net reduction of three strong binders and one moderate binder (weak binding counts remained at 15, equivalent to wild type). In contrast, the two most conservative designs D and H were found to have 29 binding interactions, one more than wild type. However, in both cases, the additional epitope was a weak binder, and interestingly, both mutants encoded the R210H mutation, which rendered DRB1*1501 a borderline weak binder of the cognate peptide (i.e., IC 50 = 91.5 μM, just below the cutoff for nonbinding). Perhaps more importantly, variants D and H each possessed only 10 moderate to high binders, whereas the wildtype P99βL and all three previously deimmunized variants exhibited 13 such epitopes. Thus, for D and H, three higher affinity binding interactions (IC 50 < 10 μM) were deleted at the expense of one added weak interaction. In a similar fashion, all eight of the IP 2 designs benefited from a net 3-4 count reduction in strong and/or moderate binders. Finally, it bears noting that, as separate groups, the 4-mutation designs and the 5-mutation designs showed a strong positive correlation between α and the experimental epitope score, namely for a given mutational load, lower values of α yielded greater reductions in MHC II binding, as expected. This observation is in contrast to the lack of correlation with kinetic parameters, and it provides evidence of the algorithm's predictive power with respect to disruption of peptide-MHC II binding.
Discussion
The biotherapeutics literature boasts numerous successful T cell epitope deletion studies, but with very few exceptions, Fig. 4 Aggregated immunoreactivity scores for full-length protein designs. The binding strength of individual peptides for MHC II alleles DRB1*0101, 0401, 0701, and 1501 were binned as strong (IC 50 < 1 μM), moderate (1 μM ≤ IC 50 < 10 μM), weak (10 μM ≤ IC 50 < 100 μM), or non-binding (IC 50 ≥ 100 μM, not shown). The counts for each enzyme's constituent peptides were summed and plotted by semiquantitative category (y-axis). The horizontal hatched lines are visual guides for the strong and moderate counts of wild-type P99βL. Asterisk indicates values from a previously published study [31] . Annotation of binding category for individual peptides is provided in Supplemental Table 1 these programs have focused on only one or two immunogenic regions of a given protein target [7, 9, 10, 31, [36] [37] [38] . Indeed, it has been suggested that broad T cell epitope deletion may be an intractable problem [39] . Perhaps the most aggressive studies to date are the deimmunization of E. coli asparaginase [25] and the reengineering of Factor VIII peptide fragments [24] . The former project modified three separate immunogenic regions with a total of eight mutations. The deletion of these epitopes relied on iterative stochastic substitution of classical anchor residues, functional analysis of the resultant libraries using a somewhat sophisticated high throughput screen, and post hoc determination of which mutations might prove deimmunizing. Ultimately the project was quite successful in producing a deimmunized asparaginase, but the overall process yielded a low hit rate of both (i) functional variants from the library population and (ii) deimmunized variants within the functional subset. In the case of the factor VIII project, the authors sought to deimmunize six separate immunogenic regions; however, this work was pursued exclusively in the context of synthetic peptide fragments. No effort was made to incorporate the broad panel of deimmunizing mutations into a full-length protein, and it remains to be seen whether or not such a heavily mutated factor VIII enzyme would be stable and active. Given the necessity that deimmunized biotherapeutics maintain high-level function, the current literature indicates that deletion of numerous dispersed epitopes is a particularly challenging task. While there is speculation that highly aggressive T cell epitope deletion might be possible [40] , to date, there has been no report of simultaneous disruption among four or more immunogenic regions in any full-length protein target.
The current study was designed to evaluate the utility of a new deimmunization algorithm using P99βL as a model biotherapeutic. In one prior report, deimmunized P99βL variants containing 1-2 mutations were designed with a less sophisticated algorithm, DP 2 [31] . Another study had previously generated a 2-mutation P99βL variant using a conventional trial and error experimental approach [9] . In comparison, the P99βL designs described here contained 4-5 mutations and targeted 2-5 times as many immunogenic regions. In an effort to accommodate these high mutational loads without compromising enzyme function, active site residues were held invariant and deimmunized designs were generated with the more advanced algorithm, IP 2 , which optimizes for both sequence conservation and critical residue-residue interactions [28] . Compared to the earlier 2-mutation DP 2 designs, on average, the current IP 2 variants exhibited faster overall maximum reaction rates, higher overall catalytic efficiency, and equivalent average melting temperatures (Fig. 5) . Thus, the current designs accommodated higher mutational loads while manifesting better catalytic proficiency and comparable structural integrity. Functional deletion of broadly distributed P99βL epitopes was the fundamental motivation behind the current work. [31] As a metric of success, quantitative peptide-MHC II binding studies were performed on both wild-type and engineered P99βL peptide fragments. Importantly, analogous experimental measures have been made previously for the DP 2 designed P99βL variants and the conventionally deimmunized K21A, S324A double mutant [31] . These data enable direct comparisons with the IP 2 designs of the current study. The K21A, S324A double mutant was found to exhibit reduced immunogenicity in ex vivo cellular assays [9] , but its cognate peptide fragments were, surprisingly, found to have somewhat increased affinity for MHC II alleles DRB1*0101, 0401, 0701, and 1501 (Fig. 4) . In contrast, the earlier DP 2 variants each converted one or more high affinity epitopes into moderate affinity epitopes, and the globally optimal A13D, I104T design had a net deletion of one epitope (Fig. 4) . Importantly, however, neither the earlier DP 2 designs nor the conventionally deimmunized variant yielded a net reduction in combined moderate and strong binding peptides (see horizontal blue hatched line, Fig. 4 ). This observation has direct implications for immunogenicity, as multiple lines of evidence indicate that the stability of peptide-MHC II complexes is a critical determinant of immunodominant T cell epitopes [41, 42] . It is encouraging, therefore, that all eight of the IP 2 designs yielded a net reduction of 3-4 moderate to high affinity peptide epitopes. In this context, one might reasonably speculate that even designs D and H would have reduced immunogenicity, as they each showed a net decrease of three moderate to strong binders at the cost of a total epitope count one greater than wild type. The more aggressively deimmunized plans E and F benefited from a net reduction of four epitopes, three strong binders, and one moderate binder. As evidenced by the results of the previous deimmunization studies, such broad reduction of P99βL immunoreactivity is not possible at lower mutational loads.
Combined with the results of prior analyses [31] , the data presented here highlight the utility of integrated protein deimmunization algorithms that simultaneously incorporate T cell epitope prediction and computational optimization of protein function. An important next step will be validating these engineered proteins' reduced immunogenicity with more advanced immunological techniques, such as ex vivo human immune cell assays or in vivo analysis in humanized mice. Likewise, demonstrating the algorithm's broad utility will require application to additional therapeutic protein targets. Pending completion of these important extensions of the current work, we anticipate that IP 2 and related design tools might significantly accelerate the development of safe and efficacious next-generation biotherapies.
